Lattice Dimerization in the Spin-Peierls Compound CuGeO$_3$ by Büchner, B. et al.
ar
X
iv
:c
on
d-
m
at
/9
80
60
22
v1
  2
 Ju
n 
19
98
Lattice Dimerization in the Spin-Peierls
Compound CuGeO3
B. Bu¨chnera, H. Fehskeb, A.P. Kampf c, and G. Welleinb
aII. Physikalisches Institut, Universita¨t zu Ko¨ln, 50937 Ko¨ln, Germany
bPhysikalisches Institut, Universta¨t Bayreuth, 95440 Bayreuth, Germany
cInstitut fu¨r Physik, Universita¨t Augsburg, 86135 Augsburg, Germany
Abstract
The uniaxial pressure dependences of the exchange coupling and the structural distortion in the
dimerized phase of CuGeO3 are analyzed. A minimum magnetic dimerization of 3 % is obtained,
incompatible with an adiabatic approach to the spin–Peierls transition. Exploring the properties
of an Heisenberg spin chain with dynamical spin-phonon coupling, the dimerization dependence of
the spin excitation gap is found to be in qualitative agreement with experiment.
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There has been a renewed interest in the spin–
Peierls (SP) phenomenon since it was recognized
that the displacive SP transition in the first in-
organic SP compound CuGeO3 shows no phonon
softening. On the contrary, the Peierls–active op-
tical phonon modes with frequencies ω ≈ J and
ω ≈ 2J (J is the exchange coupling between near-
est neighbour (nn) Cu spins) harden by about 5
% with decreasing temperature, requiring a very
strong spin-phonon coupling for the SP instabil-
ity to occur [1].
In spite of this fact, up to now most theo-
retical studies rely on an adiabatic approach to
the phonons. The Hamiltonian commonly used
to model the dimerized (D) SP phase is
H =
∑
j
J
[
(1 + (−1)jδ)Sj · Sj+1
]
+J ′Sj ·Sj+2, (1)
where δ describes the alternating pattern of weak
and strong bonds due to the structural distortion
and J ′ is the next nn coupling. From the mag-
netic properties of the uniform (U) phase J ≃
160 K and α = J ′/J ≃ 0.35 have been estimated
for CuGeO3 [2]. However, if one attempts to re-
produce the observed spin gap ∆ST ≃ 2.1 meV
from (1), a very small value of δ ≃ 0.012 results.
An alternative and model independent way to
determine δ is possible by combining the amount
of the structural distortion in the D-phase with
the magneto-elastic coupling in the U-phase us-
ing the uniaxial pressure derivatives of the mag-
netic susceptibility at high temperatures as mea-
sured by magnetostriction [3]. Rather large val-
ues ∂ ln J/∂pi of 4, -9, and -2 %/GPa are obtained
for pressures pi along the a, b, and c axis, respec-
tively, whereas ∂J ′/∂p is essentially zero [2]. We
stress that these results do not depend crucially
on the values of J and J ′. The decrease of J
for pressure applied parallel to the spin chains (c
axis) signals the correlation between J and the
Cu-O-Cu bond angle γ [1, 3, 4].
The c-axis lattice constant depends on γ
only and the Cu-O bond length dCO (c =
2dCO sin(γ/2)). Obviously ∂dCO/∂pc ≤ 0,
∂J/∂dCO ≤ 0, and from Ref. [5] we have
∂ ln c/∂pc ≃ −0.3 %/GPa. The observed nega-
tive ∂J/∂pc is due to a positive ∂J/∂γ which is
the most important source of spin-phonon cou-
pling in CuGeO3 [1]. By accounting for the bond
angle and length dependences a clear-cut lower
limit ∂ ln J/∂γ ≤ 5%/◦ is obtained for the angu-
lar dependence of J . The true value is, however,
much larger (of order 10%) for two reasons: Uni-
axial pressure also reduces dCO causing an addi-
tional positive pressure effect on J and the elastic
reactions of the two other lattice constants also
increase ∂ ln J/∂γ.
Qualitatively the positive ∂J/∂pa follows
from ∂ ln dCO/∂pa ≤ 0 and ∂γ/∂pa ≥ 0. In or-
der to explain the very large negative pressure
derivative with respect to pb we have to take into
account the hybridization between Ge and O or-
bitals [4]. This side group effect depends on the
angle φ ≃ 159◦ between the Ge-O bonds and the
CuO4 plaquettes [4]. The large compressibility
of the b axis is related to a decrease of φ [1, 5]
and explains the strong reduction of J for p‖b;
we estimate ∂ ln J/∂φ ≃ 1 %/◦.
In the D-phase of CuGeO3 the structural
dimerization is related to two independent
phonon modes [1]. Both, γ and φ, alternate in the
dimerized phase (γ1 − γ2 = 0.83
◦ and φ1 − φ2 =
1.8◦), whereas dCO hardly differs for neighboring
exchange paths [1]. From the lower bounds of the
coupling constants a minimum magnetic dimer-
ization of (J1 − J2)/2J ≡ δ ≥ 3% is obtained.
Thus the small value δ = 1.2%, which is neces-
sary to reproduce the correct spin gap within the
static model Eq. (1), is clearly excluded from our
data analysis.
The simplest model that includes lattice dy-
namical effects may be obtained from (1) by re-
placing [6, 7]
(−1)iδ → gui = g(b
†
i + bi) , (2)
where g is the magneto-elastic coupling constant
and the b
(†)
i are independent phonon destruc-
tion (creation) operators on each bond (i, i + 1).
For modeling the optical phonons in CuGeO3
we choose dispersionless Einstein modes with fre-
quency ω, i.e. Hph = ω
∑
i b
†
ibi. Recently it was
shown that such a dynamical spin-phonon model
describes the general features of the magnetic ex-
citation spectrum of CuGeO3 [6].
Here we focus on the behavior of the lattice
dimerization which can be found from the dis-
placement structure factor at q = pi:
δ2 =
g2
N2
∑
i,j
〈uiuj〉e
ipi(Ri−Rj) . (3)
Since in the physically most relevant non-
adiabatic (ω
>
∼ J) and intermediate coupling (g ∼
J) regime the spin and phonon dynamics are in-
timately related, we performed a complete nu-
merical diagonalization of the quantum phonon
model (2) using a controlled phonon Hilbert space
truncation [6].
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Figure 1: Dimerization in the frustrated Heisen-
berg model with dynamic spin-phonon coupling. Re-
sults are presented for an eight-site chain with M=20
phonons at different phonon frequencies.
Fig. 1 summarizes our main results: (i) In
the non-adiabatic region the SP transition takes
place provided that (g/ω) > (g/ω)c ≃ 1, irrespec-
tive of the ratio ω/J . For CuGeO3 with ω ∼ J
this implies g > gc ≃ J , i.e. a strong-coupling
situation. (ii) Below (above) (g/ω)c the dimer-
ization decreases (increases) with increasing lat-
tice size (see lower inset), indicating that the in-
finite system (2) exhibits a true phase transition.
(iii) The dynamic model (2) partially resolves the
∆ST − δ conflict we are faced within the static
approach (1), because the dimerization δ grows
with the phonon frequency at fixed ∆ST (cf. up-
per inset). Thus matching ∆ST to the neutron
scattering data, a larger δ ≃ 5% may result.
In conclusion, our findings are in qualitative
agreement with experimental data on CuGeO3,
suggesting the necessity for a non-adiabatic spin-
phonon approach to this material.
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